Abstract: Lead-free thermoelectric material, copper chalcogenides, have been attracting much interest from many research and industrial applications owing to their high capability of harvesting energy from heat. The state-of-the-art copper chalcogenides are commonly fabricated by the spark plasma sintering (SPS) and hot pressing (HP) techniques. Those methods are still costly and complicated particularly when compared to the conventional solid-state sintering method. Here, we report an easy-to-fabricate lead-free copper(I)-selenium (Cu 2 Se) that was fabricated using the conventional sintering method. The fabrication conditions, including sintering temperature and dwelling time, have been systematically studied to optimize the thermoelectric performance of Cu 2 Se. The optimized zT value for the pure Cu 2 Se was found to be 1.2 for the sample sintered at 1173 K for 2 h. The study shows that Cu 2 Se developed using the simple and low-cost techniques could exhibit comparable thermoelectric performance when compared with those fabricated by the SPS method, which provides an alternative potential technique to synthesize high-performance thermoelectric materials in a cost-effective way for industrialization.
Introduction
Thermoelectric material defines one kind of material specified by the capability of converting heat into electricity directly and vice versa [1, 2] . During the past twenty years, this functional material has attracted great interest due to its potential application in the sustainable energy area [3] . To evaluate the performance of thermoelectricity, a figure of merit (zT) is introduced with component parts, Seebeck coefficient (S), electrical conductivity (σ), absolute temperature (T), thermal conductivity (κ), following the relationship of zT = S 2 σTκ −1 [4] .
Among the state-of-the-art excellent thermoelectric materials, copper selenide (Cu 2 Se) has been widely studied due to its potential of having high zT and its environmentally friendly nature when compared with lead-based thermoelectric materials. The excellent thermoelectric performance of Cu 2 Se is associated with its superionic behaviour in the high-temperature β-phase such that its theoretical specific heat at constant volume is smaller than that of general solid crystals. This would induce the reduction of specific heat capacity at constant pressure, and thus decrease the thermal conductivity [5] . Recently, studies on Cu 2 Se have been performed via fabrication techniques using the spark plasma sintering (SPS) technique [5] , the hot pressing method [6] , the cold quenching method [7] , and the nanostructuring method [8] , among which the SPS and hot pressing dominate the fabrication methods of Cu 2 Se. Liu et al., reported the Cu 2 Se material, fabricated using the SPS method, showed extremely low thermal conductivity and an enhanced zT value of 1.5 [5] . Many other methods have been proposed to enhance the thermoelectric performance of Cu 2 Se, such as silver doping [9] , nanostructured Cu 2−x Se [8] , and bulk nanocomposites in which nano-inclusions are embedded in bulk matrices [10] , etc. Nevertheless, the superionic behavior itself becomes an obstacle to be applied in the thermoelectric devices due to its quick aging during cycling with high current flow. The other reason for the unstable thermoelectric performance arises from the evaporation of Se during the high-temperature cycling [11] . Attempts to resolve the issue include introducing a second phase-like CuInSe 2 [12] and enlarging the band gap by the substitution of Cu sites with Li [13] or other dopants such as Sn [14] . Another strategy proposed is to use a blocking layer like carbon to suppress the migration of Cu under high current flow inside the material [15] .
Nevertheless, the aforementioned techniques are relatively costly and complicated, especially when compared to the conventional sintering method. The SPS technique features short-time sintering and high sample density, while requiring physical contact with the sample and electrical current excitement during the fabrication process. However, the superionic nature of Cu 2 Se allows Cu to migrate easily under the high current flow, which is the case during the sintering progress using the SPS technique. This kind of Cu migration in the SPS process has been observed by G. Dennler et al. [16] . Thus, the SPS technique may not be the optimal fabrication method for superionic thermoelectric materials. For the hot press sintering technique, graphite paper is required. Some active metals like lithium could react with graphite. The conventional sintering technique offers an alternative easy way to obtain densified samples without involving the physical excitement or contact of the sample. Besides, the cost would be reduced remarkably if the thermoelectric materials, such as Cu 2 Se, could be fabricated using the conventional sintering method, which favors its industrialization.
Here, we investigated the thermoelectric properties of the stoichiometric Cu 2 Se fabricated by the conventional sintering method and explore the influence of sintering temperature and dwelling time on the phase structure, microstructure, and thermoelectric performance of Cu 2 Se. Finally, the optimized sintering parameters of Cu 2 Se were determined. The optimized zT value approached 1.2 at 823 K for the samples sintered at 1173 K for two hours.
Experimental procedures

Preparation of Materials
Cu 2 Se samples were synthesized by the conventional solid-state sintering method. The starting materials, Cu (99.9%) and Se (99.99%), were used and calculated according to the chemical formula of the material. Then, the mixture was sealed in a quartz crucible and sintered at 933 K for 2 h with a protective ultrahigh purity argon atmosphere to obtain the sintered powder. The as-prepared powder was ground into fine powder using an agate jar, weighed, and pressed into discs under a pressure of 240 MPa. Finally, the discs with a diameter of 14 mm were sintered again at 973 K and 1173 K for 2 and 20 h. Consequently, the samples were slowly cooled to the room temperature. The density of the samples was measured using Archimedes' Principle.
Characterizations
2.2.1. Powder X-ray Diffraction (XRD) PXRD patterns were collected using a Rigaku SmartLab diffractometer equipped with a CuK α source. The patterns were collected with a specified scanning step of 0.02 • in the range of 20-55 • .
Scanning Electron Microscopy (SEM)
SEM was performed using a TESCAN-VEGA3 scanning electron microscope to investigate the microstructure and morphology of the as-prepared Cu 2 Se samples at room temperature. The samples were cracked in air to explore the fracture morphology. Due to the good electrical conductivity of the as-prepared Cu 2 Se, the coating of gold (Au) was not implemented before conducting the SEM examinations.
Thermoelectric Characterization
Seebeck Coefficient and Electrical Conductivity Measurements
The electrical transport properties including the Seebeck coefficient (S) and the electrical conductivity (σ) were measured in a helium atmosphere with the Netzsch SBA458 (Netzsch, Gerätebau GmbH, Germany) instrument system using the four-wire method. The testing temperature ranged from room temperature to 823 K with a step of 50 K. Two pairs of thermocouples and current pins were placed under the sample for the measurements of the Seebeck coefficient and electrical conductivity. The maximum constant current setting was set to 8 mA for the electrical conductivity measurement while the maximum heating voltage was set to 8 V, producing a temperature difference of about 3 K. The furnace was then manually evacuated or filled with inert gas or continuously purged with inert gas. During the test of the Seebeck coefficient, the real-time thermoelectric voltage (V) and temperature (T) were recorded and plotted to obtain the slope of V-T plot. The final Seebeck coefficient was modified according to the following equation:
where a A and a B are the slopes in the V-T plot corresponding to the measurement probe types: n type for a A and p type for a B . s AB is the contact potential difference of the thermocouple. s A and s B represent the thermoelectric voltage for n-type and p-type thermocouples, respectively.
Thermal Conductivity Measurement
The method for determining the thermal conductivity (κ) is to measure the thermal diffusivity (D), the specific heat (c p ) and the geometric density (ρ) as a function of temperature, and then calculate the thermal conductivity using the following equation:
The thermal diffusivity was measured in an argon atmosphere by a Netzsch LFA 457 laser flash analysis unit (Netzsch, Gerätebau GmbH, Germany); the specific heat capacity was indirectly derived using a representative sample (9606) in the range of 300-823 K. The measurement accuracy of the whole temperature range is within 5%.
Results and Discussion
Microstructural Properties
The mean density of the samples was measured to be~6.5 g/cm 3 , which is close to the theoretical value of 6.8 g/cm 3 . Figure 1 shows the PXRD patterns for the Cu 2 Se samples sintered at 973 K and 1173 K for 2 h and 20 h, respectively. It can be seen that all the patterns exhibit almost identical diffraction peaks compared to the standard PDF card #27-1131, indicating that the conventional sintering technique does not produce impurities. Actually, according to Liu H. et al., the microstructure of the low-temperature Cu 2 Se phase is very complex and closely correlated with the synthesis methods. For example, the diffraction peaks of Cu 2 Se prepared by melting and hot-pressing methods coincide with the peaks of Cu 2−x Se (JCPDS 47-1448) [5] . Liu F. S. et al., employed the melt-quenching method to obtain a mixture of β-Cu2Se (PDF card number: 46-1129) and α-Cu 2 Se (PDF card number: 19-0401) phases at room temperature [17] . According to Yang et al., the high-temperature β-Cu 2 Se phase (JCPDS 06-0680) could be maintained at room temperature by applying the solvothermal synthesis technique [18] . Rietveld refinement was performed with a open source free software GSAS (released by University of California) [19] and the data are shown in Figure 2 and Table 1 . As can be seen, the unit volume reduced from 2452.977 Å 3 to 2424.877 Å 3 after sintering at higher temperature and longer dwelling time. This should be mainly due to the evaporation of Se during the sintering progress, leading to the shrinkage of the volume. The cross-section of the sample sintered at 1173 K for 2 h shows the transcrystalline fracture, which is mainly due to the grain growth, resulting in the reduction of the grain boundaries when compared with the sample sintered at 973 K for 20 h. Furthermore, the porosity increased considerably for those samples sintered with relatively long dwelling time and high temperature, which may be attributed to the evaporation of Cu2Se. High porosity is known to affect the thermoelectric performance in terms of electrical conductivity, which will be discussed in the following section.
Thermoelectric Performance
For the σ curves (Figure 4a ), there exists a turning point at a temperature of around 400 K, which indicates the phase transition from the low-temperature phase to a high-temperature phase (β phase). In addition, the electrical conductivity of the samples sintered at 1173 K shows an abnormal trend from 400 K to 700 K, which belongs to the high-temperature β-Cu2Se phase. This phenomenon is firstly observed for Cu2Se, which is quite different from the ones prepared by the SPS or nanostructuring techniques [5, 8] . As the electrical conductivity of the β phase depends on the microstructural properties of Cu2Se that are strongly affected by the fabrication conditions, the abnormal trend might be attributed to the introduction of oxidized copper in air into the material during the high-temperature heat treatment. The σ for the sample sintered at 1173 K for 20 h shows the lowest value, which can be attributed to the lowest carrier concentration of holes among the samples. From XRD analysis as shown in Figure 2 and Table 1 , the samples with higher sintering temperature and longer swelling time exhibit smaller cell volume, which is largely due to the evaporation of Se. This indirectly proves that lower Cu vacancy density and more Se vacancy sites are produced after sintering at a higher temperature for a longer time. Y. Sun et al. [20] investigated the influence of Cu vacancy on the band structure and found that the increased Cu vacancy would The cross-section of the sample sintered at 1173 K for 2 h shows the transcrystalline fracture, which is mainly due to the grain growth, resulting in the reduction of the grain boundaries when compared with the sample sintered at 973 K for 20 h. Furthermore, the porosity increased considerably for those samples sintered with relatively long dwelling time and high temperature, which may be attributed to the evaporation of Cu 2 Se. High porosity is known to affect the thermoelectric performance in terms of electrical conductivity, which will be discussed in the following section.
For the σ curves (Figure 4a ), there exists a turning point at a temperature of around 400 K, which indicates the phase transition from the low-temperature phase to a high-temperature phase (β phase). In addition, the electrical conductivity of the samples sintered at 1173 K shows an abnormal trend from 400 K to 700 K, which belongs to the high-temperature β-Cu 2 Se phase. This phenomenon is firstly observed for Cu 2 Se, which is quite different from the ones prepared by the SPS or nanostructuring techniques [5, 8] . As the electrical conductivity of the β phase depends on the microstructural properties of Cu 2 Se that are strongly affected by the fabrication conditions, the abnormal trend might be attributed to the introduction of oxidized copper in air into the material during the high-temperature heat treatment. The σ for the sample sintered at 1173 K for 20 h shows the lowest value, which can be attributed to the lowest carrier concentration of holes among the samples. From XRD analysis as shown in Figure 2 and Table 1 , the samples with higher sintering temperature and longer swelling time exhibit smaller cell volume, which is largely due to the evaporation of Se. This indirectly proves that lower Cu vacancy density and more Se vacancy sites are produced after sintering at a higher temperature for a longer time. Y. Sun et al. [20] investigated the influence of Cu vacancy on the band structure and found that the increased Cu vacancy would shift the Fermi level to the edge of the valance band, thus changing the carrier concentration accordingly. Based on the definition of electrical conductivity, the carrier concentration undoubtedly increases with the electrical conductivity if the mobility is kept unchanged [21] . Figure 4b shows the Seebeck coefficient of Cu 2 Se as a function of temperature. All the samples sintered under different conditions exhibit comparable Seebeck coefficients of 50-70 µV/K at room temperature. It can be observed that the Seebeck coefficient is not only the function of temperature, but also the function of sintering temperature and dwelling time. Specifically, higher sintering temperature strongly promoted the Seebeck coefficient in the temperature range of 300 K to 750 K by at least 50%. The largest Seebeck coefficient of 165 µV K −1 was obtained for the samples sintered at 973 K for 20 h. Combining the Seebeck coefficient and electrical conductivity of samples, their behavior can be strongly correlated. This can be explained by using the following equation for the semiconductor. When one type of carrier dominates, the equation is given by [22] 
where e is the electronic charge, h is Planck's constant, n is the carrier concentration, m* is the effective mass of the charge carriers, and A is the scattering coefficient. The relationship of σ and n is shown below:
where µ is the mobility. Then, Equation (3) can be rewritten as [22] [23] [24] :
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where μ is the mobility. Then, Equation (3) can be rewritten as [22] [23] [24] : According to above equation, the Seebeck coefficient of a semiconductor strongly depends on the electrical conductivity. It seems that the electrical transport properties of the materials can be modified via controlling their microstructures using the fabrication conditions.
As shown in Figure 4c , the power factor for the samples sintered at 973 K and 1173 K shows the overall increasing tendency relative to the temperature. Finally, the largest power factor of 12.37 µW m −1 K −2 was obtained for the samples sintered at 1173 K for 2 h. The superionic liquid-like thermal conductivity κ can also be observed for the samples sintered at 973 K, which is shown in Figure 4d . The turning point of the κ appears at~700 K, which is almost 100 K lower than that of SPS samples [5] . Normally, the superionic liquid-like β-Cu 2 Se shows lower thermal conductivity relative to temperature. However, it is shown that the effect weakened when the dwelling time was prolonged from 2 h to 20 h at 1173 K, and the overall κ also decreased to 20% of that of the samples sintered for 20 h. This could be explained from the microstructural point of view at different sintering conditions: for the samples sintered at a higher temperature, the SEM images show a plate-shaped structure. These small-angle grain boundaries with high-density dislocations in nano-sized grains may further enhance the phonon scattering, which was also observed by Yang et al. in a study on the Cu 2 Se nanoplates fabricated by the SPS technique [8] . Finally, the overall thermal conductivity decreased, and the overall figure of merit could be further improved as shown in Figure 5 . The peak values for the figure of merit appear to be 1.2 at 823 K for the samples sintered at 1173 K for 2 h. Although the zT values obtained are slightly smaller than those reported work using SPS [5, [25] [26] [27] , hot press [28] , water quenching/liquid nitrogen quenching [7] methods, the fabrication method employed in this work is very simple and has a low cost.
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Conclusions
The pure Cu2Se fabricated by the conventional sintering method has been reported and systematically investigated. It was found that the fabrication conditions strongly affect the morphology and thus the thermoelectric performance. A higher sintering temperature and longer dwelling time strongly favor the growth of polycrystalline grains, but the liquid-like thermal conductivity mechanism was diminished with the existence of large grains. The samples sintered at 1173 K for 2 h show the optimal outcome. The maximum zT value of Cu2Se fabricated using the simple sintering technique reached 1.2 at 823 K.
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